Flow boiling of dielectric fluids in microchannels is among the most promising embedded cooling solutions for high power electronics. However, it is normally limited by their poor thermal conductivity and small latent heat. To promote thin film evaporation and nucleate boiling, the side and bottom walls of five parallel microchannels were structured with nanowires in a silicon chip. A 10-mm-long thinfilm heater was built-in to simulate heat source. Wall temperatures were measured from adiabatic condition to critical heat flux (CHF) conditions. Compared to the plain-wall microchannels with identical channel dimensions, heat transfer coefficient of HFE 7000 can be substantially enhanced up to 344% at the mass flux ranging from 1018 kg/m 2 ·s to 2206 kg/m 2 ·s as promoted evaporation and nucleate boiling. Moreover, pumping power was reduced up to 40% owing to the capillarity-enhanced phase separation. CHF was achieved from 92 to 120 W/cm 2 and enhanced up to 14.9% at moderate mass flux of 1018 kg/m 2 ·s as a result of annular liquid supply. However, interestingly, this trend is non-monotonic and CHF is reduced at higher mass fluxes. This experimental study is trying to explore an optimal range of working conditions using nanostructures in flow boiling on highly-wetting dielectric fluids.
Introduction
Two-phase transport such as flow boiling in microchannels becomes a topic of great interest in the last decades [1] [2] [3] . The continuous increase of power density in the next generation electronic devices calls for high heat flux microfluidic cooling technologies. Utilizing the latent heat evaporation, higher critical heat flux (CHF) [4, 5] and heat transfer coefficient [2] could be achieved in flow boiling than in single-phase liquid cooling. To meet the requirements of safety and reliability, dielectric fluids [5] [6] [7] [8] [9] [10] instead of water are usually preferred in thermal management of electric/electronic devices because their dielectricity property can protect circuits from being short and electrical discharge in case of coolant leakage.
However, due to their low thermal conductivities and small latent heat, boiling heat transfer rates on dielectric fluids are usually significantly lower than water under similar working conditions. For example, the thermal conductivity of hydrofluoroethers (HFE-7000, 3M ® Company) is 0.075 W/m·K, which is only 12.9% of the thermal conductivity of water (0.58 W/m·K) at 25°C. Moreover, its latent heat of vaporization at the boiling point is 142 kJ/kg, only accounting for 6.3% of water. Additionally, the low-surface-tension coolant tends to be blown away from the heating walls by vapor flow instead of forming favorable thin liquid film on the walls for better heat transfer performance. As a result, these efficient heat transfer mechanisms including thin-film evaporation, convective boiling and nucleate boiling are deteriorated. Particularly, heat transfer is further suppressed by the dominant wispy-annular flow and churn flow in high heat flux conditions.
To compensate for these aforementioned intrinsic physical drawbacks, numerous structures have been developed in microchannels to enhance the flow boiling [3, 6, 9] and convective heat transfer [7, 11, 12] on dielectric fluids. Recently, enhanced pool boiling of dielectric fluids and water has been demonstrated by depositing Cu nanowires (NWs) on the boiling surfaces [10, 13, 14] . These existing studies suggest that NWs could potentially improve flow boiling heat transfer of dielectric fluids in microchannels. Furthermore, it has been demonstrated that NWs can regulate flow patterns to promote highly efficient thin film evaporation and hence play an important role in substantially enhancing the overall heat transfer rate of flow boiling in microchannels on water in our previous studies [15] [16] [17] [18] . However, previous studies to understand the interactions between nanostructures on dielectric fluids in parallel microchannels are still limited.
In this study, flow boiling in a parallel microchannel array coated with Si NWs is experimentally characterized on HFE-7000. The impact of flow patterns transition induced by Si NWs on flow boiling heat transfer performance is investigated. The major merit of HFE-7000 is its low working pressure and ideal working temperature under normal operational conditions of current electronics. Unlike other refrigerants (e.g. R134), which require operation pressures at 6-10 bars to achieve two-phase cooling for silicon electronics, the saturated temperature of HFE-7000 is 34°C at 1 atmospheric pressure. It makes HFE-7000 convenient and safe to operate at ambient environment within an ideal range of working temperatures (40-80°C) of silicon electronics. However, a possible drawback of low pressure coolant is that the system pressure may be lower than ambient pressure if the system is not operating or in low temperature conditions and air/moisture can leak into the system. This issue shall be addressed in system package and maintenance.
Engineered by advanced nanofabrication techniques [18, 19] , all inner surfaces of silicon microchannels were integrated with Si nanowires to form micro/nanoscale porous structures (Fig. 1) . Visualization was also performed to study the effect of nanowires on two-phase flow patterns. Experimental results show that flow boiling heat transfer rate was significantly enhanced using nanowires. Additionally, owing to the desirable two-phase separation or annular flow enabled by NWs, the pressure drops can be reduced at low mass flux ranging from 1018 kg/m 2 ·s to 1527 kg/m 2 ·s. However, the CHF enhancement and pressure drop reduction disappeared when the mass flux exceeded 2206 kg/m 2 ·s. This non-monotonic behavior of wetting and wicking in turn leads to significant decrease of CHF. This trend was also observed by previous studies using nanowirecoated boiling surfaces on highly-wetting dielectric fluids [20, 21] . It may be attributed to coupled interactions between capillary flow and liquid entrainment, which lead to a flow regime transition from the annular flow into a wispy-annular flow or a churn flow.
Experimental apparatus and procedures

Design and fabrication of nanostructured microchannel devices
The experimental study on flow boiling was carried out in an array of five parallel microchannels (nominal dimensions of height, width, and length: 250 ± 5 μm, 220 ± 2 μm, and 10 ± 0.002 mm) without using inlet restrictors (IRs), as illustrated in Fig. 2 . A flow stabilizer was used to stabilize the inlet liquid flow before it enters the microchannel array. Two open ports are located at both the inlet and outlet to acquire local pressures. A 10-mm-long aluminum thin-film heater was deposited onto the backside of the microdevice to uniformly heat microchannels and was also used as a thermistor to measure the average surface temperature under the microchannel array. Additionally, two air gaps were formed on both sides of the microchannel array to reduce heat loss.
Microchannels are generally fabricated by wet-etching or deep reactive ion etching (DRIE). The peak-to-peak roughness of walls on etched silicon wafers could be as low as 3 nm on the bottom wall [22] and less than 300 nm on scalloped sidewalls [23] . These surface features are usually not favored by nucleate boiling due to the lack of potential nucleation cavities. To enhance flow boiling in microchannels, the boiling surfaces including bottom walls and side walls are processed by metal-assisted chemical etching [24] to generate Si nanowires (Fig. 1a) with the average height of 5 μm ( Fig. 1c  and d ) and the diameter range from 20 to 100 nm, which form nanoscale to submicron scale pores between nanowire bundles (Fig. 1b ) using nanocarpet effect [25] .
Governed by the nucleate boiling theory [26] , the optimal range of cavity opening diameter, Dc, depends on fluid properties and working conditions. 
where hfg, ΔTsub, θ, σf, ρv, and δt denote latent heat of vaporization, subcooling temperature, contact angle, surface tension, vapor density, and thermal boundary layer thickness, respectively. Estimated from this equation, the optimal cavity opening diameter is ranged from 100 nm to 1 μm on water with a high surface tension of 72 mN/m [16] as well as on HFE 7000 with a low surface tension of 12.4 mN/m (Fig. 1e) . Thus, it suggests that this type of nanostructures could create high density of nucleation sites and enhance nucleate boiling [10] on dielectric fluids.
Measurements
A test system as illustrated in our previous study [16] was used to collect experimental data in this study. Two Omega TM PX-309 pressure transducers acquire the inlet and outlet absolute pressures and are used to derive pressure drops. The flow rate was measured and controlled by an Omega ® FPR 1501 flowmeter with 2% resolution.
The average temperature on the heater was derived using a precalibrated electric resistance as a linear function of working temperature [27] . The inlet and outlet fluid temperatures were monitored by two K-type thermocouples. All measurements were carried out at 1 ATM ambient pressure and room temperature of~22°C. The working fluid, HFE-7000, was degassed by maintaining the fluid in vacuum and room temperature for 24 hours. All experimental data were collected by an Agilent 34972A data acquisition system.
Data reduction and uncertainty analysis
Voltage, V, current, I, and pressure measurements, p, are used to calculate the average wall temperature; then two-phase heat transfer coefficient, htp, can be estimated. First, the electric power input, P, and heater resistance, R, respectively, were determined as follows:
and
Then, effective heat flux was calculated after subtracting the heat loss, Qloss, from the total input power, P, as follows:
where A is the heating area. Qloss is pre-calibrated as a function of temperature difference between the ambient environment and the test device. The contribution of latent heat during phase-change heat transfer was derived as:
where Qsensible is the sensible heat resulting from the subcooled liquid. It was derived as:
Based on the pre-calibrated linear equation of temperatureelectrical resistance, the average temperature of the thin film heater (i.e. the thermistor) was calculated as:
where Ra is the resistance of the micro heater at ambient temperature Ta and K is the slope of linear equation. The average temperature at the bottom wall of microchannels was then derived as:
where t and ks are the substrate thickness and thermal conductivity of silicon, respectively. The fin efficiency, ηf, of a finite fin was estimated from
The equation of ηf is used to characterize fin performance and to calculate the average heat transfer coefficient (HTC) on nanostructured walls, where the parameter m was calculated as:
Because the thermal conductivity of the top glass layer (1 W/m·K) is much smaller than silicon substrate (149 W/m·K), it is assumed Fig. 2 . The top view of (a) front-side and (b) back-side of the microchannel device for flow boiling [6] . The device is horizontally placed and microchannels are horizontally aligned during the test.
that the top surface of microchannel is adiabatic. Then, the latent (two-phase) heat transfer rate was evaluated as the average twophase HTC, htp, in two-phase regime as below:
where Tsat is the saturated temperate of working fluid. Major physical properties of dielectric fluid HFE-7000 are given in Table 1 . Tsat is a function of working pressure, p, in the middle of a microchannel, which is estimated as:
where pi is the inlet pressure; and Δp is the pressure drop. The uncertainties of the derived parameters were estimated by analysis of the propagation of uncertainty [28] . The uncertainties of the measured parameters were listed in Table 2 .
Results and discussion
Two-phase flow patterns
Two-phase flow patterns play a dominant role in determining flow boiling performances including heat transfer rate, pressure drop, and CHF. As shown in our previous studies [16] [17] [18] , flow patterns are visualized by a high speed camera (Vision Research Phantom ® v7.3) linked to an optical microscope. The optical microscope vertically takes top-viewed pictures on horizontally aligned microchannels. For comparisons, visualizations of flow boiling in microchannel arrays with and without integrating nanowires are carried out in this study. Two important cases are studied and compared to briefly characterize two-phase flow patterns.
Interfacial shear stress between component liquid and vapor flows as well as capillary pressure can be an important part of determining interactions of liquid and vapor flows and hence overall twophase flow structure. However, it is extremely challenging to theoretically quantify flow patterns and transition in microchannels before the complex relationship between governing forces (e.g., shearing stress, surface tension force, inertia force) and the bubble/ vapor slug dynamics is well established. Here, a force scale analysis is conducted to examine if one of two major forces, i.e., the interfacial stresses or capillary pressure, dominates two-phase flow structure in nanostructured microchannels during flow boiling under various operating conditions. This analysis could reveal the trend of coupled interactions between capillarity and liquid entrainments.
The liquid entrainments are due to break-up of disturbance waves at the liquid film interface. The interfacial shear stress between vapor and fluid flow is estimated from frictional pressure drop,
The estimation of frictional pressure drop deducts singlephase pressure drop and accelerational pressure drop from the total measured pressure drop as described in our previous study [17] .
The capillary pumping maintains liquid films on boiling surfaces. The capillary pressure generated on cross-section of channels and nanowires (Fig. 4a) is estimated from Young-Laplace equation,
where γ is surface tension; θ is the contact angle; and dn is the characteristic length scale that depends on tri-phase structures in this two-phase flow boiling device. For example, hydraulic diameter of the microchannels, liquid film thickness and mean diameter of the wall cavities created by the SiNWs can be used to define dn. This comparing approach could explain mechanisms behind the dominant flow boiling pattern formation and transition in the nanostructured microchannels.
According to the visualization study, the bubbly flow and slug flow were not observed during flow boiling in the nanostructured microchannels at a vapor quality range from 0.01 to 0.44. As shown in Fig. 3a , an annular flow is observed in the nanostructured microchannels when the vapor quality is from 0.01 to 0.11. The transformation of the capillary pressure from the cross-sectional planes into in-wall planes (Fig. 4a) leads to suppress the dominance of bubbly and slug flows, and more importantly creates a capillarityinduced annular flow at low mass flux and vapor quality, which is consistent with the flow pattern observed on deionized (DI) water in our previous study [18] . Periodical capillary flow was established on the inner walls as illustrated in Figs. 3a and 4a . However, the flow pattern transition back to a wispy-annular flow or a churn flow was observed when vapor quality, χ, is higher than 0.11 as shown in Fig. 3b since the capillary flow cannot sustain at high mass/ heat fluxes. Here, we suspect that two major reasons may result in such a flow pattern transition at high vapor quality. The primary reason could be the high shear stress between high velocity vapor flow and liquid flow. This force may blow liquid off walls. The secondary factor could be the contact angle receding (dashed curves in Fig. 4b ) owing to intense evaporation [29] . Local dielectric liquid wetting/spreading inside pores formed by NWs and NW bundles cause liquid receding into cavities and therefore would interrupt the formation of capillarity-induced liquid flow on walls. These two factors could eventually end the capillarity-induced annular flow.
The comparisons between capillary pressure and interfacial stress as shown in Fig. 4b appear to well explain the formation of an annual flow at low vapor quality and later on a transition back into churn flow at high vapor quality working conditions. It shall be noted that these dashed curves are trends for qualitatively understanding the mechanism since this particular problem cannot be well quantified so far. As shown in the highlighted zone 1 in Fig. 4b at low mass flux and low vapor quality, the interfacial stress is approximately two orders of magnitude smaller than capillary pressure across liquid film and three orders of magnitude smaller than capillary stress in nanoscale cavities. Resulting from the low surface tension of HFE-7000, the annular flow only occurs at vapor quality below 0.11. When vapor quality is higher than χ = 0.11, the flow pattern transits into churn flow as shown in Fig. 3b at high mass flux of 1527 kg/m 2 ·s. It suggests that, not only capillary pressure, the interfacial shear stress starts to play an important role in shaping two-phase flow pattern when vapor velocity is increasing with vapor quality during intense flow boiling. This assumption is consistent with the stress comparisons as shown in the highlighted zone 2 in Fig. 4b . It is shown that interfacial shear stress of the highest flow rate is comparable to capillary pressure across the liquid film. This means that liquid film induced by capillary flow cannot sustain and keep its original profile as a result of strong interfacial shear stress between liquid and vapor flows. In the condition at zone 2 (χ > 0.11), the liquid film induced by capillary pressure is mostly blown off and entrained into the highvelocity vapor flow. According to the visualization study as illustrated in Fig. 3b , the overall features of the flow structure can be characterized as randomly mixed liquid and vapor flow. Additionally, liquid films on the walls were getting wispy and sparse. This type of flow structure is similar to wispy-annular flow or churn flow as observed on both plain and nanostructured microchannel configurations.
In summary, the formation of annular flow patterns is primarily dominated by capillary pressure in the in-wall planes until the interfacial shear stress becomes comparable to capillary pressure and starts playing an important role, leading to the transition of the flow structure. Comparisons between interfacial stresses also suggest that capillarity in nanoscale cavities is always of great help in improving wetting and evaporation, although this process was not directly observed and documented because the characteristic length of liquid film is significantly smaller than the optical resolution of the optical microscope in this study.
Boiling curves in microchannels
Averaged wall temperatures in microchannels were measured and plotted in Fig. 5 as a function of effective heat flux at four different mass fluxes. The range of heat flux is from adiabatic to CHF conditions. No matter whether microchannels were nanostructured, the curves of flow boiling literately overlap in subcooled singlephase regime, which is similar to the experimental results on DI water. This is because the single phase heat transfer is only marginally or not improved by applying nanowires [16, 30] . Because the thickness of liquid boundary layer is comparable to the height of nanowires, it has been hypothesized that the nanowires are mostly immersed inside liquid and may slightly help convective heat transfer [15, 30] in single-phase flow, therefore not fully involved in heat transfer enhancements.
In this study, the onset of boiling (ONB) means that a first single bubble was observed in a channel. Due to the staged pressure drop, The solid line is the capillary stress and the dashed line is also the capillary stress but includes the effects of the contact angle receding due to intense evaporation [29] . The dots are interfacial shear stress generated from experimental results. a bubble firstly occurs at the very end of the channel where the fluid is superheated. Therefore, the superheats at the ONB are relatively small (1~3 K). Comparing the superheat on nanostructured microchannels to that on plain-wall microchannels, the reduction of superheat at ONB conditions is not significant since the vapor bubble is not generated by nucleation but cavitation [31] .
We also experimentally study the onset of fully developed boiling (OFB) defined as the superheat at which boiling is fully developed and bubbles are observed in entire channels. After nucleate boiling is fully developed, averaged wall temperatures and superheat are then substantially reduced in nano-engineered microchannels. The reduction of temperature is up to 16°C as illustrated in Fig. 5a . It demonstrated that the nucleate boiling is significantly promoted in microchannels because of the high density of active nucleation site density by properly using nanowires.
The previous study suggests that the enhancement of heat transfer is primarily owing to the enhanced thin-film evaporation [16] . However, in this study on dielectric fluid, the reduction of superheat is also significant (Fig. 5) in churn flow at high vapor quality and high mass flux (Fig. 3b) . It suggests that nucleate boiling is also substantially enhanced besides liquid film evaporation in this case.
Flow boiling heat transfer
It is essential to investigate the heat transfer mechanism through understanding the influence of vapor quality on heat transfer rates. To characterize flow boiling heat transfer, the average heat transfer coefficients (HTCs) as a function of vapor quality are compared in Fig. 6 . According to the trends of HTC, it is found that the heat transfer generally monotonically increases with vapor quality before it reaches CHF condition, except that a non-monotonic trend is found when the flow pattern transition occurs at vapor quality of 0.11 in a low-mass-flux flow (Fig. 6a) . With this exception, experimental result indicates a drastic enhancement up to 344% owing to the thin-film evaporation in the entire channels when the flow pattern is dominated by capillarity-induced annular flow. It is noteworthy to mention that liquid thin film was only observable at the lowest-mass-flux and low-vapor-quality operating conditions (Fig. 3a) . Once the annular flow becomes unstable at high mass flux and high vapor quality as a result of liquid entrainments, such an enhancement quickly fades away. After that, heat transfer is gradually increased as increasing vapor quality due to enhanced nucleate boiling and convection. Since the nanostructured surface could have five orders of magnitude higher nucleation site density than plain walls in existing study on DI water [16] , here, it is likely that such an enhancement results from the enhanced nucleate boiling. Additionally, we hypothesize that the detachment of vapor bubbles on plain surfaces might be also slower than nanostructured surfaces [16] . However, because optical images are blurred by churn flow (Fig. 3b) , the phenomena could not be directly visualized on HFE-7000 in this study.
When flow boiling is operating near the CHF conditions, nucleate boiling is enhanced up to 104% in the nanostructured microchannels (Fig. 6a) . Convective heat transfer is not a major contributor to this significant enhancement because only a small percentage (up to 24%) of enhancement was observed in previous study [30] . Therefore, the nanostructured surfaces could substantially enhance nucleate boiling heat transfer, especially at conditions of low mass flux and high vapor quality.
In higher mass flux operating conditions, the Reynolds number is 1152 for single-phase flow with mass flux of 2206 kg/m 2 ·s. Previous study [30] suggests the highest enhancement (24%) on convective heat transfer was reached at Re = 106. However, when the Reynolds number was increased to 636, the enhancement was reduced to 10%. It is believed that if the trend goes on, the enhancement resulting from convective heat transfer could be marginal for Re = 1152. Therefore, the HTCs in both plain-wall microchannels and nanostructured microchannels are close to each other at the single-phase stage and initial stage of boiling (Fig. 6b, c and d) . At the preliminary stage of nucleate boiling, the bubble nucleation has not yet fully developed on both plain-wall and nanostructured microchannels. While nucleate boiling could get more and more intense with increasing heat flux on nanostructured surfaces owing to the interactions between the microscale and nanoscale cavities [13] , on plain-wall the nucleate boiling could not be further improved due to the lack of sufficient active nucleation sites. Therefore, significant enhancements of heat transfer were still observed.
Critical heat flux
In our previous studies [16, 17] , flow boiling performance is actually determined by both global liquid supply and local liquid supply in nanowired microchannels. Local heat transfer rate and evaporation/ nucleation inside cavities could be primarily governed by the local liquid supply around nanowires and their bundles. CHF should be mainly determined by the global liquid supply through whole microchannel walls [7] . As observed in our previous study [7] , the CHF condition could be caused by the formation of vapor films, which separate global liquid supply from the superheated walls. Capillarityinduced annular flow can sustain boiling and evaporation while preventing the vapor from accumulating on nanostructured inner walls at a higher heat flux than that on plain walls, so that the CHF condition can be postponed. Moreover, the super-hydrophilic surfaces in the nanostructured microchannels can maintain thin liquid film on walls and hence reduce entrainment fraction compared to that in plain-wall microchannels. Therefore the global liquid supply could be much more efficient and sustainable in the nanostructured microchannels than that in plain-wall microchannels.
Water has high surface tension on smooth silicon surface. Due to the low surface tension of HFE-7000, its wettability is far better than water, therefore, HFE-7000 is highly wetting on both plain surface and nanostructured surface. In addition, undesirable bubble confinement and reversing flow on low-surface-tension fluids are not as pronounced as on water. Thus, a high vapor quality, 0.37, has been achieved in plain-wall microchannels under CHF conditions. Our experiment study shows that it is challenging to further enhance global liquid supply on HFE-7000 using nanostructured surfaces. Besides that, low surface tension of HFE-7000 greatly reduces capillarity-induced annular flow under the CHF conditions. As a result, this liquid supply mechanism [18] on HFE-7000 does not work as well as on water (CHFs were enhanced up to~300%). Our experimental study suggests that the room using nanowires to improve CHF on HFE 7000 appears to be limited.
When the temperature sharply climbs with a 5 times higher slope than average slope of temperature curve, the CHF condition can be determined. A sudden dry-out was observed under CHF conditions. CHF is plotted as a function of mass flux in Fig. 7 . The results indicate that CHF is only 92 W/cm 2 when mass flux is 1018 kg/m 2 ·s, which is slightly enhanced, say 14.9%. As shown in Fig. 7 , CHF in nanostructured microchannels barely increases with mass flux when CHF is above 110 W/cm 2 . At the highest mass flux of 2206 kg/m 2 ·s, it is noticeable that CHF in nanostructured microchannels was even reduced compared to that in plain-wall microchannels. This result is radically different from the results on DI water, which shows that CHFs increase with mass fluxes and have been significantly enhanced under all operating conditions conducted in experiment [18] . As shown in Fig. 4b , under high vapor quality and high mass flux working conditions, the extremely large velocity difference between liquid flow and vapor flow can lead to large shear stresses. At the same time, the capillary pressure is reduced by intense evaporation at high heat flux [29] . The effects of shear stress instead of capillary pressure at liquid-vapor interfaces start to dominate twophase flow structure. Consequently, the nanostructures are incapable of inducing annular flow to improve global liquid supply under high vapor quality and high mass flux conditions. It appears that dielectric liquid is either entrained with the vapor flow or receded into porous media. Therefore, the annular flow becomes unsustainable. Moreover, the disappearance of liquid lubrication layer means additional flow resistance resulting from high surface roughness (peak-to-peak, 5 μm) and porosity of nanostructures. It hence leads to more difficulty in global liquid supply on nanostructured walls than plain walls, leading to a sudden reduction of heat transfer rate and eventually low CHF.
Thermo-hydraulic characteristics
The thermo-hydraulic characteristics are evaluated in this study because the pumping power as a function of heat flux is critical to a cooling system. As shown in Fig. 8 , pumping power is plotted as a function of effective heat flux. The idea of pumping power is calculated as:
where ρ is the density of working fluid. It shows the required kinetic energy to transport coolants and sustain heat transfer under working loads.
As discussed previously, the nanostructured microchannels are more effective in enhancing flow boiling on HFE 7000 under the lowmass-flux conditions owing to the separated component vapor and liquid flows. Correspondingly, the pumping power is greatly reduced up to 40% at the lowest mass flux of 1018 kg/m 2 ·s (Fig. 8a) when capillary forces in the in-wall planes dominate flow boiling in microchannels. Capillary forces along the nanostructured walls separate two phase flows and generate capillary flows as lubrication layers between vapor and rough solid walls (Fig. 8a) . However, with increasing mass flux, the reduction of pumping power gradually fades away. For example, the reduction is less than 17.9% for mass flux of 1527 kg/m 2 ·s (Fig. 8b) . As shown in Fig. 8c and Fig. 8d , pumping power in nanostructured microchannels is even higher than that in plain-wall microchannels. In these conditions, shear stress dominates two-phase flow so that flow structures induced by capillary force are no longer sustainable. As we discussed in the above section, it is supposed that the extra flow resistance may result from the high surface roughness and porosity of nanostructured walls. The overall flow resistance is increased up to 21.2% at high mass flux of 1867 kg/m 2 ·s and 2206 kg/m 2 ·s.
Conclusions
In this experimental study, we investigate flow boiling in nanostructured microchannels using low-surface-tension dielectric coolant (HFE-7000) for the first time. When the heat flux is lower than 120 W/cm 2 , the heat transfer coefficient can be drastically improved using Si NWs owing to the nanowire-enhanced nucleate boiling and evaporation. The enhancement is more noticeable at a low mass flux of 1018 kg/m 2 ·s owing to the enhanced liquid film evaporation in the entire channel. Moreover, as a result of the twophase separation and capillary flow, pumping power was reduced up to 40%; and CHF was enhanced up to 14.9% under relatively low mass flux conditions. It suggests that the capillarity-induced annular flow is the major enhancement mechanism at a low mass flux and low vapor quality. This result shows similar trends as our previous studies on DI water [16, 17] .
Compared to flow boiling on DI water on similar structures [18] , this study shows that it is more difficult to generate capillarityinduced annular flow for lower-surface-tension dielectric fluids, such as HFE-7000, particularly at high mass flux. When the mass flux and vapor quality increase to some extent (e.g. mass flux: 1527 kg/m 2 ·s and vapor quality is more than 0.11 in this study), capillarity-induced annular flow is no longer applicable on low-surface-tension HFE-7000, because the interfacial shear stress between two-phase flows in turn leads to significant liquid entrainments, which starts to play a determining role in shaping two-phase flow pattern. Dominant interfacial shear stress would suppress the stability of liquid film, interrupt capillary flow and hence reduce liquid supply to the dryout area. As a result, CHF is limited to 120 W/cm 2 . Furthermore, while the microchannel wall lacks liquid lubrication layer as a result of liquid entrainments in vapor flow, the high surface roughness of nanostructured walls may lead to higher flow resistance and hence pumping power. 
